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SUMMARY 
 
 
 
Until about 30 years ago all carbon based polymers rigidly regarded as insulators. The idea 
that plastics could be made to conduct electricity would have been considered to be absurd. 
Indeed, plastics have ben extensively used. By the electronics industry because of this very 
property. They were utilized es inactive packaging and insulating material. This very narrow 
perspective is rapidly changing as a new class of polymer known as intrinsicaly conducting 
polymer or electroactive polymers are being discovered. Although this class is in its infancy, 
much like the plastic industry was in the 30s and 50s, the potential uses of these are quite 
significant. 
The polymer may store cherge in two ways. In an oxidation process it could either lose an 
electron from one of the bands or it could be localize the charge over a small section of the 
chain. Localizing the charge causes a local distortion due a change in geometry, which costs 
the polymer some energy. However, the generation of this local geometry decreases the 
ionization energy of the polymer chain and increases its electron affinity making it more able 
to accommodate the newly formed charges. This method increases the energy of the charge 
was delocalized and, hence, takes place in preference of charge delocalization. M.Saloma et 
al. investigated the phenyl deriavative of  pyrrole and determined electron transfer coefficients 
for this compound.  
In this study, the copolymerization of Py amine ended chain silicone tegomer were 
synthesized by the methods of electrochemical and electroregeneration. The electroinduced 
copolymerization reactions were carried out  in LiClO4 /Acetonitril electrolyte under the effect 
of the oxidation of ceric(IV) ammonium nitrate salt and different voltages applied. We used a 
cell with two compartment separated with a porous disc . Platinum cage electrodes were used 
in both anodic and cathodic compartments. The copolymer, at first was obtained both in 
solution as a precipitaion and also only a little amount of copolymer was accumulated on the 
Pt cage electrode in anodic compartment. Then we changed the quantity of the applied voltage 
 ix
and also the concentration of ceric (IV) ammonium nitrate (CAN) to prevent the accumulation 
of the copolymer on the cage electrode. After achieving this condition, we start to change the 
concentration of Py and also the concentration of Si to improve the yield percentage. All the 
gained copolyymer were washed with acetonitrile solution to remove the remaining 
monomers. We dried the washed copolymer in vacuum.  And at the end of these experiments, 
we made pellets from that powdery copolymers to  measure the conductivities of them by 
using 4-probe solid conductivity. 
The electrochemical polymerization reactions of pyrrole monomer and also the 
copolymerization of the  mixture of Py and Si monomers were carried out by using 
potentiodynamic method and  by using potentiostatic method. The obtained polymers and 
copolymers were analyzed by using  FT-IR, Cyclic Voltammetry (CV), and Electrochemical 
Impedance Spectroscopy (EIS). These thin films were also characterized in morphology by 
Scanning Electron Microscopy (SEM).  
Also, in situ electrochemical study for thin film obtained from pyrrole  monomer and the 
mixture of  pyrrole and silicon monomers were  carried out on an optically  transparent  
electrode  (Indium thin oxide  (ITO)  coated  glass)  in tetrabutylammoniumtetrafluoroborate/ 
acetonitrile solution.. Electrical  conductivities  of  the  copolymer of pyrrole and silicone 
monomers  were  measured  with  four  point  probe  solid conductivity. And also the obtained 
products were characterized by DSC, elementel and SEM  analyses,   contact angle  were 
measured and compared with homopolymer of  PPy. 
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ÖZET 
 
30 yıl önceye kadar karbon iskeletli polimerler yalıtkan olarak kabul edilmekteydi. Birçok 
alanda kullanılıyor olmasına rağmen plastiklerin elektriği iletiyor olması saçma bir düşünce 
olarak kabul edilmekteydi. Plastikler, elektronik endüstrisinde daha çok ambalaj maddesi 
olarak kabul görmekteydi. İletken ve elektroaktif polimerler bu alanda bir çığır açmış ve 
kullanım alanları hızla artmıştır. Bu uygulama alanı henüz çok yeni olamsına rağmen plastiğin 
kullanımı yıllardır sözkonusudur. 
Polimerler iki yolla yük taşımaktadırlar. Yükseltgenme olayında ya bir elektron kaybedilir ya 
da yer değiştirmek yoluyla yüklenme meydana gelir. Elektronalrın yer değiştirmeleri 
sonucunda polymerlerde yük taşınması sözkonusu olur. Fakat, bu yöntemde lokal geometrinin 
değişmesi polimer zincirinin iyonizasyon enerjisini arttırır ve böylece de elektron afinitesi 
arttığından dolayı yeni bir form meydana gelmiş olur. Bu metot  neticesinde delokalize olan 
yükün enerjisi artmış olmaktadır. M.Saloma ve arkadaşları pirolün fenil türevleri elde edilmiş  
ve bunların elektron transfer katsayıları da hesaplanmıştır.  
Bu çalışmada pirol ile amin zincir sonlu silikon tegomerinin elektrokimyasal ve 
elektrorejenerasyon yöntemleri ile sentezi  yapılmıştır. Elektrorejenerasyon yöntemi ile 
yapılan kopolimerizasyon LiClO4 /Asetonitril elektroliti içinde serik amonyum nitrat tuzu 
kullanılmış ve değişik miktarlarda voltajlar uygulanmıştır. İnce porla ayrılmış ikiki bir hücre 
kulanılmıştır. Hem anot, hem de katot olarak platin kafes elektrot kullanılmıştır.  İlk başlarda 
yapılan deneylerde kopolimer hem electrolitin içinde, hem de az miktarda da olsa anot olarak 
kullanılan kafes elektrodun üzerinde birikmekteydi.Ancak, uygulanan voltajın miktarı ve 
seryum tuzunun miktarı ile oynamak suretiyle kafes üzerinde biriken kopolimer tamamen yok 
edilmiş. Yani ilk kez olarak tüm kopolimerin elektrolit içinde bulunması sağlanmış oldu.  Bu 
koşul sağalandıktan sonra Py ve Si konsantrasyonları ile oynanarak verim yüzdesi 
arttırılamaya çalışıldı. Elde edilen tüm ürünler, monomerlerden arındırmak amacıyla 
asetonitril ile yıkandı ve vakum altında kurutuldu.  Kurutulan ürünler pelet haline getirilerek 
4-prob iletkenlik cihazı kullanılarak iletkenlşik ölçümleri yapıldı. 
 xi
Potansiyostatik ve potansiyodinamik yöntemler kullanılarak pirolün polimerizasyonu 
sağlandı. Ayrıca pirol ve silikon monomerleri kullanılarak aynı yöntemlerle kopolimerizasyon 
yapıldı. Elde edilen polimer ve kopolimer, FT-IR, döngülü voltammogram, elektrokimyasal 
empedans spektroskopisi yöntemleri yardımıyla analiz edildi. Daha sonra elde edilen 
ürünlerin yüzey morfolojileri Taramalı Elektron Mikroskobu(SEM)   kullanılarak incelendi ve 
aralarında kıyaslama yapıldı.  
Optiksel olarak geçirgen olan  ITO kaplama yapmak suretiyle pirol polimerinin ve pirol 
silikon kopolimerinin in-situ eklektrokimaysal analizleri yapıldı ve elde edilen verilerden bu 
ürünlerin band gap enerjileri tespit edildi. 
Daha sonra hem elektrokimyasal hem de elektrorejenerasyon yöntemleri ile edilen polimerin 
ve kopolimerlerin DSC ve yüzey temas açısı analizleri yapılarak aralarında kıyaslama 
yapılmıştır. Burada özellikle silikon monomerinin reaksiyona girmesi ile ne gibi özellikler 
kazandırılmış olduğu gözlemlenmeye çalışılmıştır.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xii
1. INTRODUCTION 
Until  recently  plastics  are  commonly  accepted  isolators,  but  now  the  electrically 
conducting  plastics,  so  called  synthetic  metals  or  conducting  polymers  (CP),  are 
becoming a part of our daily life. These polymers have highly extended conjugated electron 
systems in the main chain so they have received attention from the point of view of both 
fundamental and practical engineering aspects. It is possible to control the morphologic, 
electronic and optical properties of these materials and this control provide opportunity to 
use them for various applications [1-5]. The CPs are widely used  in  electronic  and  
electrochromic  equipments,  photochemical  cells,  recharging batteries, catalysts [6-7]  
Conjugated polymers were developed as active materials in electronic  devices  due  to  their  
excellent  electrical  characteristics.  Nature of  the dopants and molecular structure are 
important parameters for electronic energy states of conducting polymers. Doping is achieved 
by chemical or electrochemical methods via injection/expulsion of ions or the application of 
voltage, and thereby it could be possible to control the electrical conductivity can be varied 
from insulator range to metal ranges [8].   The   first   conducting   polymer   successfully   
synthesized   was   polyacetylene, by Shirakawa in 1974. In 1977, polyacetilene was doped 
with iodine so conductivity of polymer was increased 109 times then the conductivity of 
non-doped polymer. Since then,   several   conducting   polymers   have   been   synthesized   
and   characterized. Polypyrrole (PPy), polythiophene, polyaniline,  and  polytphneylene  
have  been studied the most. In 1862, firstly, po lyani l ine  was prepared anodically in a 
sulfuric acid solution by H. Letheby of the College of London Hospital. Electrical 
conductivity of all conducting polymers stems from their extended π-conjugated systems. 
There  are  the  name,  the  color  change  when  they  are  doped/undoped  and  their 
conductivity [9].  
There  are  a  lot  of  methods  to  characterize  polymeric  films.  The  most  important 
techniques are those; film structure, morphology and porosity have been studied by SEM 
[10-13], electrochromic properties, film thickness, and film density have been characterized   
by   UV-vis   spectroscopy   [14],   film   capacitance,   transport,   and structure information 
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have been examined by electrochemical impedance spectroscopy (EIS) [15-19]. CV 
technique is an important analytical technique used in electrochemistry [20, 21]. 
Conductive polypyrrole (PPy) has received considerable attention because it can be prepared 
both by chemical oxidation and electrochemically and because it has relatively good stability 
in the conducting oxidized form. However, PPy is a hard, brittle, and non-processable solid 
that is insoluble in common solvents [22]. 
Polymers containing functional groups on the carbon or nitrogen atom have been produced  
and polymerized to give derivatives of polypyrrole (PPy) before. Hence, significant progress 
has made in the synthesis of PPy derivatives with a number of physical properties such as 
soluble/processable polypyrroles. Another way of obtaining soluble PPy is to use special 
dopants. For example PPy becomes solvent soluble if a long chain dopant such as 
dodecylbenzene sulfonic acid was added to reaction media during polymerization [23]. 
Conducting polymers have novel electrical and optical properties that are potentially useful 
for technological applications. One of the problems is that conducting polymers are difficult 
to dissolve in any solvent because of their delocalized π-electronic structures, which are the 
very same molecular characteristics that give rise properties necessary for practical 
applications [24]. To overcome the solubility problem of PPy, oxidative polymerization of Py 
in the presence of polymers such as methylcellulose, poly(vinyl alcohol), PVP has been 
examined by oxidation Fe3+-Fe2+ oxidation system[24]. 
Interpolymer complexes of linear polymers can be synthesized by interaction of opposite 
charges and formation of hydrogen and hydrophobic bonds or interaction by metal ions, 
resulting in a soluble or insoluble polycomplex. Another way of obtaining polymer-polymer 
complexes is polymerization of monomers in the presence of matrix macromolecules 
introduced in the reaction media In matrix polymerization, i.e., with 4-vinyl pyridine onto the 
surface of polyphosphate and acrylic acid onto the poly(ethylene glycol) by the radical 
initiators, the complex is formed by the mechanism of consecutive addition of monomer along 
the chain leading to the formation of the interpolymer complex by matrix control of the 
polymer   chain[25]. Since Ce(IV)  is capable of polymerizing  vinyl monomers effectively, it 
was challenging to study polymerization of pyrrole by the use of strong oxidants, such as 
Ce(IV) ions, namely ceric(IV) ammonium nitrate (CAN), and ceric(IV) sulphate(CS) in some 
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detail. The conductivitis of PPy complexes obtained showed variations in the range of 
literature values depending on the conditions [26]. 
Pyrrole and N-methyl pyrrole monomers are used to obtain polyrrole and the obtianing 
copolymer’s conductivity are directly related to the mol ratio of pyrrole / N-methyl pyrrole 
monomers. Insoluble polypyrrole was obtained by the chemical oxidative copolymerization of 
pyrrole with transition metals [27]. The colloidal PPy was obtained by matrix 
copolymerization of pyrrole monomer in the presence of oxidant, FeCl3 [28]. Although, 
matrix copolymerization of pyrrole monomers oxidized by Ce(IV)   salt with Polyacrylic 
acid(PAA) gives homogen PPy solution [29], the matrix copolymerization for the same 
monomers without  Ce(IV)   salt gives intermolecular complex.[30]. 
By electrochemical copolymeriation of pyrrole monomers in the presence of PAA,   PAA/PPy 
complex was obtained.[31]. 
 The copolymer of PPy/ MEKF-R was obtained by oxidative chemical polymerization of 
pyrrole by ceric (IV) ammonium  nitrate (CAN), in the presence of methyl ethyl ketone-
formaldehyde resin (MEKF-R) [32]. 
Flexible, foldable conducting composites of PDMS and PPy were electrochemically 
synthesized. The presence of strong interactions between components was proved by the 
existence of  PDMS  even after washing with the solvent of PDMS (THF). The mechanical 
properties of PPy were improved by PDMS in composites without losing its electrical 
conductivity. Hence, the composites gain both high electrical conductivity from the PPy 
component and high flexibility accompained by good mechanical properties from the PDMS 
component.[33]. 
Although both PPy and polyaniline(Pan) were conductive components, the major contribution 
to the conductivity was due to PPy component. PPy/Pan and  
PDMS/PPy/Pan films were more conductive than the reverse syntheses ordered films, 
indicatin structural differences. Similar conductivity values for electrode and solution sides 
indicate the homogeneity of the films [34].  
In this study, thin films were obtained on the platinum bottom electrode from pyrrole and 
silicone monomers.  These thin films were analyzed with CV method. Also, EIS was used to  
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examine supercapacitive properties of films and the structure and morphologies of  PPy  and 
Poly (Py-co-Si)   films  were  investigated  through  the  measurements  of  Scanning  
Electron Micrograph (SEM), FT-IR and UV-visible, Tg and contact angle. In-situ 
measurements were made for PPy and Poly( Py-co-Si) films on ITO glass electrode.  On the 
other hand the powdery  Poly(Py-co-Si) were synthesized  by electroinduced method. The 
obtained copolymer were analyzed by FT-IR, DSC measurement, and also contact angle and 
SEM analyses were done.  
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2. THEORETICAL PARTS 
2.1 The Conducting Polymers  
Conducting  polymers  (CP)  are  commonly  known  as  “synthetic  metals”  and  these  
polymers possess not only mechanical properties and processibility of conventional 
polymers,  but  also  unique  electrical,  electronic,  magnetic  and  optical  properties  of metals,  
which  conventional  polymers  do  not  have  [25].  Conducting  polymers  are conjugated  
polymers,  namely  organic  compounds  that  have  an  extended  pi-orbital system, through 
which electrons can move from one end of the polymer to the other. The commonly studied 
organic polymers are polyacetylene, polypyrrole, polyaniline, and   these   polymer`s   
derivatives.   All these   polymers  (Figure   2.1.)   have one characteristic future, which is they 
all have highly conjugated backbone. 
 
 
                    
                            Figure 2.1: Some conducting polymer structures 
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2.1.1 The Concept of Doping 
 
The concept of doping is understood very well because this concept distinguishes CPs from  
other  types  of  polymers.  CP  can  have  two  different  forms;  conductive  form (doped form) 
and non-conductive form (non-doped polymer). All conducting organic polymers  are  
insulators  or  semiconductors  in  their  neutral  forms  [25].  In  doping process,  polymer  is  
converted  from  neutral  forms  to  charged  or  conducting  forms. The electrical conductivity 
of a doped material is 5-10 orders of magnitude higher than that of the non-doped 
material. Doping and de-doping are reversible processes which do not change the chemical 
nature of the original polymer backbone. 
2.1.2 Polaron and Bipolaron Theory 
 
CP may be doped electrochemically or chemically. Electrical conduction mechanism in 
polymers is explained with polaron / bipolaron theory. Electrochemical doping is done  by  
applying  an  external  reductive  (n-doping)  or  oxidative (p-doping  ).  When the  polymer  are  
oxidized  by  an  external  oxidizer  termed  dopant,  charge  carriers called  polarons  are  
created  along  the  polymer  backbone.  A  polaron  (.+)  or  radical cation  is  achieved  by  
electron  transfer  from  a  conjugated  polymer  to  an  oxidant (dopant), unpaired electron 
coupled with a positive charge is the direct result of this transfer.  At  high  doping  level,  
the  unpaired  electron  in  the  polaron  structure  is removed resulting in the formation of 
bipolaron (Figure 2.2). Bipolaron has a charge of +2e. 
                        
 
                          
 
 
 
 
 
 
 
 
 
 
 
 
 
                              Figure 2.2: Polaronic/Bipolaronic Polypyrrole 
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After  the  doping  mechanism,  the  charge  carrier  can  be  delocalized  along  the 
backbone   chain  so  a  conducting  polymer  is  achieved.  If  the  radical  cation  can 
overcome the columbic binding energy to the acceptor anion with thermal activation energy  
or  at  high  dopant  concentrations,  the  polaron  will  move  or  delocalize throughout  the  
backbone  and  contribute  to  the  electrical  conductivity  [29].  The dopant   concentrations   
required  for  maximum  conductivity  are  exceptionally  high, typically accounting for 50% of 
the final weight of the conducting polymer [30]. 
2.2. Polypyrrole 
 
Polypyrroles (PPys) are formed by the oxidation of pyrrole or substituted pyrrole monomers. 
In the vast majority of cases, these oxidations have been carried   out  by  either   
electropolymerization  at  a  conductive  substrate (electrode) through the application of an 
external potential, or  chemical polymerization in solution by the use of a chemical oxidant. 
Photochemically initiated and enzyme-catalyzed   polymerization   routes  have  also  been 
described but are less developed. These various approaches produce poly- pyrrole materials 
with different forms  chemical oxidations generally pro- duce powders, while electrochemical 
synthesis leads to films deposited on the working electrode and enzymatic polymerization 
gives aqueous disper- sions. The conducting polymer products also possess different chemical 
and electrical properties. 
The assembly of polyprroles (PPys) is an intricate process that determines the   molecular   
and  superstructure  of  the  polymer  obtained.  This,   in   turn, influences the chemical, 
electrical and mechanical properties of the material. 
It  is  impossible  to  optimize  a  single  property  of  materials  such  as  PPy  in isolation. 
The chemical, electrical and mechanical properties are inextricably linked. 
To function as intelligent materials, conducting polymers must be capable  of  stimuli  
recognition,  information  processing  and  response  actuation. As a result, they must possess 
appropriate chemical properties that change in response to stimuli, as well as appropriate 
electrical properties that allow information to be transported within the structure and switches 
to be actuated. The mechanical properties must also be considered, because the creation  of   
materials  with  ideal  chemical  and  electrical  properties,  but  with inappropriate mechanical 
properties, will be of questionable value. 
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The most common interaction of polymers involves solvents. However, only a limited number 
of studies have been carried out to investigate the effect of   solvents  on  PPys.  We  have  
considered  the  use  of  dynamic-contact  angle analyses and shown that PPy’s ability to 
interact with water is influenced by the  counterion  employed  during  synthesis  and  the  
presence  of  functional groups on the polymer backbone. These preliminary studies have also 
shown that, in the process of exposing PPys to water, the polymer structure responds by   
becoming  easier  to  wet.  This  is  evident  from  the  subsequent  dynamic- contact angle 
scan, showing that the polymer is reluctant to shed water that has  previously  been  
incorporated.  Using  more  conventional  contact-angle measurements, we have determined 
that the wettability of conducting PPys is  markedly  affected  by  the  counterion  
incorporated  during  synthesis.    
2.3. Electrochemical polymerization of Polypyrrole and Poly(Py-co-Si) 
The electrochemistry of polypyrrole has been discussed in numerous papers from various 
point s of view. Black polypyrrole was prepared for the first time in 1916 by A.Angeli and 
L.Alessandri in the form of a powder by the chemical oxidation. In 1968 it was prepared by 
electrochemical method with platinum electrode from sulfuric acid solution. It should be 
mentioned, however, that studies of the electrochemical preparation were reported in 1961 by 
H.Lund. The material obtained at that time showed the conductivity of 8 S/cm. 
The electrochemistry of polypyrrole/PDMS composites have  been discussed in some papers 
from various points of view [12]. In that   papers PDMS was chosen as an insulating host 
matrix because of its flexibility, solubility, and also thermal resistivity. The effect of PDMS 
on electrical, thermal, mechanical, and morphological properties of the gained material was 
also investigated [13]. 
Electrochemical synthesis is usually carried out by potentiodynamic method with the   
potential in the  range  between  –0.2V  and  1.2V. Experimental  parameters  of  the synthesis  
and  method  of  the  preparation  affect  the PPy and Poly(Py-co-Si) deposition. The  effect  
of  dopant  dimension  on  the films’   structures   were   studied   by   scanning   
microscopy(SEM).  
Electrochemical  synthesis  can be  achieved  by  using;  galvanostatic,  potentiostatic  and 
sweeping  the  potential  methods. Potentiodynamic   and Potentiostatic methods were  
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selected  to  obtain  PPy and Poly(Py-co-Si) film  with  lower background current and better 
electrochemical characteristics.  
In this study, we performed experiments by using only Py monomer, and also by using both 
Py and Si monomers to investigate their polymerizations. And we compared the gained 
polymers’ properties, too. In this work, the electrochemical polymerization of Py, and also the 
electrochemical copolymerization of  Py and Si tegomers with amine chain ends were studied 
with the aim of producing homopolymer and also copolymers with higher elasticity, higher 
solubility, and for the later one with higher contact angles than PPy.  
2.4 Electroinduced Oxidative Polymerization of  Poly(Pyrrole-co-Silicon) 
Polymerization was carried out in a cell (showed in Figure 2.3) divided into two 
compartments by means of a sintered disc of porosity 264.  Platinum Gause Electrodes of 5x4 
cm and 4x10cm area were used as anode and cathode respectively.  The reaction mixture 
containing required amounts of Py and Si monomers and Ce(IV) in the aqueous  solution of 
LiCIO4 was stirred continuously during 3,5 hours reaction period in the anode comparment 
while the cathode compartment contains only LiCIO4.  
Electrolysis was  carried out using a constant potential of   2.7 V by using a Thurlby Thander 
PL 320 DC source. Polymerization product was obtained at anode compartment.   
 2.5 Electrochemical Impedance Spectroscopy 
Electrical resistance is the ability of a circuit element to resist the flow of electrical current. 
Ohm's law (Equation 1-1) defines resistance in terms of the ratio between voltage E and 
current I. 
     (1-1) 
While this is a well known relationship, it's use is limited to only one circuit element -- the 
ideal resistor. An ideal resistor has several simplifying properties: 
· It follows Ohm's Law at all current and voltage levels. 
· It's resistance value is independent of frequency. 
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· AC current and voltage signals though a  resistor are in phase with each other. 
The real world contains circuit elements that exhibit much more complex behavior. These 
elements force us to abandon the simple concept of resistance. In its place we use impedance, 
which is a more general circuit parameter.  
Impedance is a totally complex resistance encountered when a current flows through a circuit 
made of resistors, capacitors, or inductors, or any combination of these. Depending on how 
the electronic components are configured, both the magnitude and the phase shift of an ac can 
be determined. Because an inductive effect is not usually encountered in electrochemistry, we 
consider only the simple equivalent circuit shown in Figure 2.3 in which no inductor is 
present. 
 
                     
Figure 2.3: A simple electrified interface, in which the vertical bottomed lines in (a) are represented by the 
electronic components in (b). (a) The oxidants (red) with a positive charge diffuse toward the negatively charged 
electrode, accept electrons from the electrode at the interface, become the reductants (blue), and diffuse to the bulk 
of the solution. The oxidant is also a counterion to the electrode. No specific adsorption is considered at the 
interface. IHP and OHP are the inner and outer Helmholtz planes, respectively. 
 
However, first consider an experiment in which a series of increasing dc potentials (a ramp) 
are applied to a working electrode in an electrochemical cell containing an electroactive 
species. A current– potential curve (Figure 2) is obtained, which is described by the Butler–
Volmer equation (solid line) 
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in which η is the overpotential defined as E – Eeq, with E and Eeq representing the applied 
and equilibrium potentials, respectively; io is the exchange current at η= 0; n is the number of 
electrons transferred; F is the Faraday constant; R is the gas constant; T is the absolute 
temperature; and α is the transfer coefficient for electron transfer. The faradaic current i is 
limited by the mass transport (dashed line curving to the right) when the rate of electron 
transfer becomes large enough. At a given overpotential ηbias, the slope of the curves, 
di/dηbias, is 1/Rp, in which Rp is the polarization resistance.  
 
 
                              
Figure 2.4: The dc plotted as a function of overpotential according to the Butler–Volmer equation (solid line), 
which is limited by mass transport at large overpotentials (dashed line curving to the right), an ac voltage (broken 
line) superimposed on the dc bias potential, _bias (bottom-dashed line), shown on the i axis [ηbias + ηsin(ωt)], 
and the resulting ac superimposed on the dc on the i axis [ibias + _isin(ωt +Ø )]. Rp is obtained by taking _η/_i, in 
which i is obtained after applying the ac voltage wave at a given η. 
 
 
When a small ac voltage wave of frequency ω at ηbias (Figure 2) is superimposed, the ac of 
the same frequency will be flowing on top of the dc. Because the interface has resistors and a 
capacitor (Figure 1b), the flowing ac will experience a phase shift, expressed as ibias, caused 
by the ac wave perturbation. For an equivalent circuit (Figure 1b), a straightforward 
impedance expression can be derived by applying Ohm’s law to two components connected in 
parallel. One of these is Rp, and the other is 1/(jωCd), in which Cd is the double-layer 
capacitance.  
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To make the derivation of the equation and its interpretation straightforward, we neglected the 
contribution of the Warburg component. Thus, the impedance of the interface consists of two 
parts, a real number Z´ and an imaginary number Z˝ with a complex representation, Z(ω)= 
Z´(ω) + jZ˝(ω) with Ø(the phase angle) = tan-1 [Z˝(ω)/Z´(ω)]. Although the capacitance is 
relatively constant over the potential at a given electrode, the Rp varies as a function of ηbias 
applied to the electrode. At a given dc bias potential, a series of Z(ω) data are obtained in a 
range of frequencies, typically 100 kHz-1 to 10-4 Hz. The impedance varies, depending on 
frequencies, and is often plotted in different ways as a function of frequency (making it a 
spectroscopic technique), hence, the name EIS (1, 6).  
By treating the impedance data in such a frequency range, system characteristics for an 
electrochemical reaction (i.e., Rs, Rp, and Cd) can be obtained. Rp is a function of potential; 
however, at η = 0, it becomes the charge-transfer resistance RCT. Two convenient ways of 
treating the impedance data are the Nyquist plot, (Figure3a) in which imaginary numbers 
Z˝(ω) are plotted against real numbers Z´(ω), and the Bode plot, (Figure 3b) in which 
absolute values of impedance or phase angle are plotted against the frequency. Extraction of 
the system characteristics requires interpreting the Nyquist plot according to Equation 2.  
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Figure 2.5: At high frequencies, the frequency dependent term of Equation 2 vanishes, resulting in Z(ω) = 
Z´(ω) = Rs, which is an intercept on the Z´(ω) axis on the high frequency side (Ø = 0 or Z˝(ω) = 0). For ω → 0, 
Equation 2 becomes Z(ω) = Rs + Rp, which is an intercept on the Z´(ω) axis on the lowfrequency side. At the 
frequency where a maximum Z˝(ω) is observed, the straightforward relationship Rp.Cd = 1/ωmax = 1/(2πfmax) = 
ζrxn, which is the time constant of the electrochemical reaction, can be shown and indicates how fast the reaction 
takes place. Also, if Rp.Cd is known, Cd can be obtained because Rp is already known from the low-frequency 
intercept on the Z´(ω) axis. The Nyquist plot gives all the necessary information about the electrode–electrolyte 
interface and the reaction. Similar information is obtained by examining the Bode diagram (Figure 3b) using 
Equation 2. Log Rs and log (Rp+Rs) are obtained straight forwardly from the Z(ω) versus logω plot at high and 
low frequencies from the same argument as the Nyquist plot. In the intermediate frequency region, an almost 
straight line with a slope of ~ –1.0 can be seen. The equation for this line is obtained by ignoring the frequency-
independent terms, Rs and 1 in the denominator, of Equation 2 to yield 
 (3) 
Taking the logarithm on both sides of the resulting equation yields log Z(ω) = –log ω – log 
Cd, which says that log |Z(ω)| versus log ω would have a slope of –1, and Cd can be obtained 
from the intercept of this line with the Z(ω) axis when –log ω = 0 at ω = 1. Thus, the Bode 
plot provides the same information as the Nyquist plot. The Ø versus log ω plot shows that 
the impedance responses are resistive primarily at high and low frequencies as indicated by 
practically no phase shifts, whereas at intermediate frequencies, they are mostly capacitive as 
their phase shifts get closer to 90o. 
Thus far, we have discussed the equivalent circuit without considering the effect of the 
Warburg impedance; however, its contribution can be important at low frequencies because 
the mass transport of the electroactive species may limit the electron- transfer process. The 
Warburg impedance (7 ) is imparted by mass transfer. 
Measuring impedance principle shown in Figure 2 is the basis on which impedance is 
measured: A small ac wave, typically 5–10 mV (peak-to-peak) of a given frequency, is 
superimposed on the dc ηbias, and the resulting ac and its phase shift ibias are measured. 
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These measurements may be made in various ways (8 –10); however, the frequency response 
analyzer  has become the industry standard in electrochemical instrumentation in recent years. 
The reference ac wave of frequency _ super imposed on a given dc bias potential is applied to 
a working electrode in the electrochemical cell. The ac signal S(t) obtained from the cell is 
then multiplied by the reference sine or cosine wave and integrated to obtain. 
2.5.1 Equivalent Circuit Elements 
 
Figure 2.6:  An equivalent circuit representing each component at the interface and in the solution during an 
electrochemical reaction is shown for comparison with the physical components. Cd, double layer capacitor; Rp, 
polarization resistor; W, Warburg resistor; Rs, solution resistor. 
 
Electrolyte Resistance 
Solution resistance is often a significant factor in the impedance of an electrochemical cell. A 
modern 3 electrode potentiostat compensates for the solution resistance between the counter 
and reference electrodes. However, any solution resistance between the reference electrode 
and the working electrode must be considered when you model your cell. 
The resistance of an ionic solution depends on the ionic concentration, type of ions, 
temperature and the geometry of the area in which current is carried. In a bounded area with 
area A and length l carrying a uniform current the resistance is defined as: 
   (2-12) 
where r is the solution resistivity. The conductivity of the solution, k , is more commonly used 
in solution resistance calculations. Its relationship with solution resistance is: 
 
    (2-13) 
 
 14
Standard chemical handbooks list k values for specific solutions. For other solutions, you can 
calculate k from specific ion conductances. The units for k are siemens per meter (S/m). The 
siemens is the reciprocal of the ohm, so 1 S = 1/ohm.The value of the double layer 
capacitance depends on many variables including electrode potential, temperature, ionic 
concentrations, types of ions, oxide layers, electrode roughness, impurity adsorption, etc. 
Double Layer Capacitance 
An electrical double layer exists at the interface between an electrode and its surrounding 
electrolyte. This double layer is formed as ions from the solution "stick on" the electrode 
surface. Charges in the electrode are separated from the charges of these ions. The separation 
is very small, on the order of angstroms. 
Polarization Resistance 
Whenever the potential of an electrode is forced away from it's value at open circuit, that is 
referred to as polarizing the electrode. When an electrode is polarized, it can cause current to 
flow via electrochemical reactions that occur at the electrode surface. The amount of current 
is controlled by the kinetics of the reactions and the diffusion of reactants both towards and 
away from the electrode. 
In cells where an electrode undergoes uniform corrosion at open circuit, the open circuit 
potential is controlled by the equilibrium between two different electrochemical reactions. 
One of the reactions generates cathodic current and the other anodic current. The open circuit 
potential ends up at the potential where the cathodic and anodic currents are equal. It is 
referred to as a mixed potential. The value of the current for either of the reactions is known 
as the corrosion current.a new parameter, Rp, the polarization resistance. As you might guess 
from its name, the polarization resistance behaves like a resistor 
Diffusion 
Diffusion can create an impedance known as the Warburg impedance. This impedance 
depends on the frequency of the potential perturbation. At high frequencies the Warburg 
impedance is small since diffusing reactants don't have to move very far. At low frequencies 
the reactants have to diffuse farther, thereby increasing the Warburg impedance. 
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The equation for the "infinite" Warburg impedance is: 
      (2-21) 
On a Nyquist plot the infinite Warburg impedance appears as a diagonal line with a slope of 
0.5. On a Bode plot, the Warburg impedance exhibits a phase shift of 45°. 
Constant Phase Element  
Capacitors in EIS experiments often do not behave ideally. Instead, they act like a constant 
phase element (CPE) as defined below. 
The impedance of a capacitor has the form: 
         (2-25) 
When this equation describes a capacitor, the constant A = 1/C (the inverse of the 
capacitance) and the exponent a = 1. For a constant phase element, the exponent a is less than 
one. 
The "double layer capacitor" on real cells often behaves like a CPE instead of like like a 
capacitor. Several theories have been proposed to account for the non-ideal behavior of the 
double layer but none has been universally accepted. In most cases, you can safely treat a as 
an empirical constant and not worry about its physical basis. 
2.6 Characterizations 
2.6.1   Electrochemical Equipments 
All   electrochemical   experiments   were   performed   in   a   3-electrode   cell.   For 
electropolymerization, CV and  EIS  measurements  a  PARSTAT  2263  Potentiostat was 
used (showed in Figure below). Princeton Applied Research, Parstat 2263 model potentiostat 
which is a self contained unit that combines potentiostat circuitry with phase-sensitive 
detection. Faraday cage that Bass Cell Stand C3 was used for cyclic voltammetry(CV). 
Electropolymerization was performed in three- electrode system with a Pt bottom electrode as 
a working electrode, platinum (Pt) wire as a counter and silver (Ag) wire as a pseudo 
reference electrode . 
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   Figure 2.7:       PARSTAT  2263  Potentiostat 
 
2.6.2   Electrochemical Impedance Spectroscopy (EIS):  
EIS measurements were taken at room temperature (25oC) using a conventional three 
electrode cell configuration. The electrochemical cell was connected to a Potentiostat 
(PARSTAT 2263) with interfaced to a computer. An electrochemical impedance software 
PowerSine was used to carried out impedance measurements between 10 mHz and 10 kHz. 
The AC amplitude voltage used for the experiments was 10 mHz and DC potentials.   
2.6.3   Electroinduced Equipments 
 All the electroinduced polymerization reactions were   carried out in a cell divided into two 
compartments by means of a sintered disc of porosity 264.  Platinum Gause Electrodes of 5x4 
cm and 4x10cm area were used as anode and cathode respectively.  
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Figure 2.8:  Schematic representation of electroinduced polymerization of Poly(Py-co-Si)  
 
2.6.4 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy 
Attenuated Total Reflectance (ATR) spectroscopy, known as internal reflection spectroscopy 
or multiple internal reflectance(MIR), is a versatile, nondestructive technique for obtaining 
the infrared spectrum of the surface of material or the spectrum of materials either too thick or 
too strongly absorbing to be analyzed by standart transmission spectroscopy. 
                           
 
Figure 2.9: Schematic representation of path of a ray of light for total internal reflection (Single reflection). 
The ray penetrates a fraction of a wavelength (dp) beyond the reflecting surface into the rarer medium of 
refractive index n2 and there is a certain displacement (D) upon reflection, n1 is refractive index of the interval 
reflection elements 
 
Attenuated Total Reflectance (ATR) FTIR is widely used by researchers to examine a variety 
of sample types including solids, powders, pastes and liquids for food analysis, biomedical 
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applications, polymers, and thin films. In addition to the identification of functional groups 
during more routine analysis, ATR-FTIR spectroscopy is useful for mechanistic studies of 
vapor-solid interactions during chemical vapor deposition or heterogeneous catalysis by in 
situ real time monitoring of surface species1. These experiments typically require the IR beam 
to exit the spectrometer, pass through a vacuum system or pressure reactor containing the 
ATR crystal and gas phase molecules of interest via IR transparent windows, and finally to 
return to the spectrometer for detection.  
2.6.5 Spectroelectrochemistry 
We used Shimadzu UV-160 UV-Visible Spectrophotometer for the spectroelectrochemical 
experiments. 
In-situ spectroelectrochemical experiments were carried out for both PPy and Poly(Py-co-Si). 
However, for the polymerization of Poly(Py-co-Si) we carried out the experiments twice. At 
first experiment, we applied voltages for 30s durations; but for the second one we applied the 
voltages for 60s time intervals. 
For all experiments, first of all we adjusted the equipment for baseline and then we  coated the 
ITO with the polymer or copolymers to investigate the differences among them.  We plotted 
the graphs by using the obtained datas to estimate the band gap energies of each ones.  
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       Figure 2.10.  Shimadzu UV-160 UV-Visible Spectrophotometer 
2.6.6 Scanning Electron Microscopy 
The morphological studies were analyzed using a SEM. The morphological features of 
electrochemically synthesized polypyrrole, poly(Py-co-Si) synthesized by electrochemical 
method were performed by  scanning electron microscopy (SEM) by using  JEOL JSM-T330 
Scanning Electron Microscopy.  
2.6.7 Contact angle 
The contact angle measurement were performed on pellets of the homopolymer and also 
copolymers with a thickness of about 1mm.   
2.6.8  DSC results 
 
Differential Scanning Calorimetry thermograms were obtained with a PerkinElmer (United 
States) DSC-6 instrument; the heating rate was 100C /min under a nitrogen atmosphere. 
 
2.6.9 Solid Conductivity 
 
In order to measure the electrical conductivity the reaction product of  was compacted under 
10 tons pressure to obtain thin pellet. Typical sample dimension were 13mm and the thickness 
was 0.8 mm. Conductivity measurements were performed by use of Four-Probe Technique 
and calculated from the following equation: 
σ =V-1. I ( ln2 / πdn ) 
 
Where V is the potantial in volts, I is current in amper and dn is the thickness in cm. 
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3 EXPERIMENTAL 
3.1 Electropolymerization  
Electropolymerizations were performed in 0.1 M Bu4NBF4 / ACN as an electrolyte with 
different monomer concentrations, scan rates, scan numbers. The electropolymerization 
reactions were carried out by the CV technique.  The  potential  was  linearly  swept  between  
-0.2V  and  1.2  V applying 2 cycles and 4 cycles for scan rate of 20 mV/s. Pyrrole 
concentration was chosen as  4.92  mM.  The scan  rates are applied between  0.2  and  1.0 V   
in the  monomer  free  solution  for  each polymeric films. And also electropolymerization 
reactions of PySi were performed in the same system but with a mixture of 2.46 mM Py and 
2.46 mM Si monomers. Again the potential was linearly swept between -0.2 V and 1.0 V with 
different scan rates and the redox behaviour of the copolymer films were obtained in the 
monomer free solution by using different scan rates. 
3.1.1 In-stu Spectroelectrochemical Study 
For spectroelectrochemical studies, polymer films were synthesized on indium tin oxide 
(ITO) coated glass slides from a 4,92 mM solution of Py in 0.1M Bu4NBF4/ACN using 
potentiodynamic deposition at a constant potential of 1.0V. The film washed before studying 
the spectroelectrochemical properties with ACN solution and a series of UV-Vis spectra were 
obtained at various potentials(±1,0V) with different time intervals. Spectroelectrochemical 
measurements were carried out using Shimadzu UV-160A UV-Vis spectrophotometer . A 
three electrode cell was used. The working electrode was an ITO coated glass slides (8 mm x 
50 mm x1.1 mm , 30mm of the ITO electrode immersed into the solution to keep electrode 
area constant at 2.4 cm2, Rs≤10Ώ provided from Colorado Concept Coatings LLC) the counter 
was a platinum wire and silver wire as the pseudo reference electrode. The potentials were 
applied using Wenking Model LB 81 Laboratory Potentiostat. Data were recorded with 
Shimadzu UV-160A UV-Vis spectrophotometer. 
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3.2 Chemicals 
Monomer pyrrole was used from Aldrich Chemicals with a purity of %97; silicon was used 
Goldschmidt Chemical Corporation, ceric(IV) ammonium nitrate (CAN) was used from 
Aldrich Chemicals, tetrabutylammonium tetrafluoroborate Bu4NBF4  was used from Fluka 
chemicals after drying in vacuum oven without further purification with a ratio of %99 purity, 
and lithiumperchlorade(LiClO4), acetonitrile (ACN), from Sigma Aldrich Chemical without 
further purification.   
3.3 Electroinduced Copolymerization of Py with Si tegomer 
Electropolymerizations were performed in  electrolyte system 0.1 M  in LiClO4/ACN with 
different monomer concentrations. The electroinduced polymerization reactions were carried 
by  applying different DC voltages.  The  potentials  were changed to observe the effect of it. 
And  the concentrations of monomers were also changed to show the influence of it on the 
yield of copolymer. We obtained the polymer in electrolyte not on the paltinum cage 
electrode, that was the first . At the end of all the experiments our platinum cage electrode 
were clean as it was before the experiment carried out. We obtained this results by 
modification of voltages we applied and the concentrations of ceric(IV) ammonium nitrate 
(CAN). On the other hand we changed the reactions’ time intervals to observe its effect on the 
yield, and we observed that as the time interval increased the percentage of the polymer yield 
also increased. We also measured the conductivity of the obtained powdery Py-co-Si by using 
four-probe electrode system. For this we made pellets of the gained powdery PySi.  
3.3.1 FT-IR ATR Spectroscopy 
 PPy, Poly(Py-co-Si) obtained by electroinduced and alectrochemical methods were analyzed 
by FT-IR reflectance spectrophotometer  (Perkin Elmer, Spectrum One; with a Universal 
ATR attachment with a diamond and ZnSe crystal C70951).  
3.3.2 Scanning Electron Microscopy 
The morphological studies were analyzed using a SEM. The morphological features of PPy,  
Poly(Py-co-Si) synthesized by electroinduced and electrochemical methods were performed 
by  scanning electron microscopy (SEM) by using  JEOL JSM-T330  
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4 RESULTS AND DISCUSSION 
4.1  Electroinduced polymerization of Poly(Py-co-Si)  
  The electroinduced copolymerization reactions were carried out in LiClO4 /Acetonitril 
electrolyte under the effect of the oxidation of ceric(IV) ammonium nitrate salt and different 
voltages applied. We used a cell with two compartment separated with a porous disc . 
Platinum cage electrodes were used in both anodic and cathodic compartments. The 
copolymer was obtained both in solution as a precipitaion and also only a little amount of 
copolymer was accumulated on the Pt cage electrode in anodic compartment. The anodic 
compartment was stirred continuously during the reaction period while the cathode 
compartment contains quite solution of LiCIO4 and ACN. Electrolysis was carried out using a 
constant potential of  2.7 V. Polymerization product was obtained at anode compartment.  
4.1.1 The effect of pyrrole concentration 
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Figure 4.1:  Yield percent vs Py concentration [ in 0.1 M LiClO4 / ACN electrolyte by applying 2.7 V 
potential. Here we fixed all the other inputs   ] 
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As it was shown in the above figure the increasing in the concentration of Py increased the 
percentage of the yield.  So we can say that the yield percentage of the copolymer is directly 
related to the concentration of Py  monomer. 
4.1.2 The effect of silicon concentration 
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Figure 4.2: Yield percent vs Si concentration [ in 0.1 M LiClO4 / ACN electrolyte by applying 2.7 V 
potential. Here we fixed all the other inputs   ] 
 
 
The percentage of the copolymer yield was influenced by the monomer concentration of Si 
and as can be seen from the above figure, an increasing of the Si monomer concentration 
decreased the yield percentage. 
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4.1.3 The effect of time interval 
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Figure 4.3: Yield percent vs Time Interval  [ in 0.1 M LiClO4 / ACN electrolyte by applying 2.7 V potential. 
Here we fixed all the other inputs   ] 
 
 
We can see from the above figure that as the time interval of the copolymerization process 
increased, the yield percentage of the copolymer was also increased in parallel. 
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4.1.4 The effect of voltage 
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Figure 4.4: Yield percent vs Applied Potential  [ in 0.1 M LiClO4 / ACN electrolyte. Here we fixed all the 
other inputs   ]   
 
 As we changed the quantity of the applied voltage the percentage of the copolymer also 
changed. And as can be seen from the above figure an increasing in applied voltage increased 
the yield percentage of the copolymer. 
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4.1.5 The conductivity 
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Figure 4.5.  Conductivity vs   Si concentration  [ in 0.1 M LiClO4 / ACN electrolyte.    Here we fixed all the 
other inputs ] 
 
Since we cannot changed the concentration of Py monomer to prevent the accumulation of 
copolymer on the electrode, we changed the monomer concentration of Si to observe its effect 
on the conductivity. As can be seen from the above figure the increase in concentration of Si 
monomer decreased the conductivity of the copolymer.  
4.2 Electrochemical Polymerization of PPy  
Electropolymerization process was performed in 0.1M Bu4NB4 in ACN at various scan rates, 
cycle numbers and monomer concentration. ACN was chosen as a standard solvent to prepare 
electrolyte for polymerization during this study.. Electropolymerization of PPy  was  achieved 
by potentiodynamically  in 0.1M Bu4NBF4 / ACN electrolyte solution containing 4.92 mM Py 
for polymerization of PPy in  between -0.2V and +1.2V at a scan rate of 20mV/s . The current 
increases  as the  number cycles increases , indicates insoluble polymer film was coated on Pt  
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bottom electrode. Multisweep cyclic voltammogram of 4.92 mM Py in 0,1 M Bu4NBF4/ACN 
on Pt bottom electrode showed an increasing current density with each cycle, resulting in the 
formation of thin film of conducting polymer on Pt bottom electrode at 20 mV/s scan rate.  
Pt bottom electrodes were washed thoroughly with ACN after electropolymerization and the 
scan rate dependence of polymer film was investigated. The cyclic voltammogram of a 
polymer coated on the Pt bottom electrode in monomer free solution with different scan rates 
(0,1 M Bu4NBF4/ACN) shows different peaks. 
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Figure 4.6: Ramp plots of Py, Si and PySi. Inset ramp of Si obtained by poptentiodynamic method. The inset 
one was the ramp plot of Si. [Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working 
Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
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Figure 4.7: Potentiodynamically synthesized PPy for 2, 4, and 8 number of cycles.  [Monomer:  4.92mM Py 
Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), 
Counter Electrode: Pt(wire)] 
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Figure 4.8: Monomer free peaks of PPy for 2 cycles.  [Monomer:  4.92mM Py Electrolyte: 0.1 M 
Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: 
Pt(wire); Scan rates: 50 mV/s, 100 mV/s, 200mV/s, 300 mV/s] 
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Figure 4.9:  Monomer free peaks of PPy for 4 cycles.  [Monomer:  4.92mM Py Electrolyte: 0.1 M 
Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), Counter Electrode: 
Pt(wire); Scan rates: 20 mV/s, 50 mV/s, 100mV/s, 200 mV/s] 
4.3 Electropolymerization of  Poly(Py-co-Si)  
Electropolymerization process was performed in 0.1M Bu4NB4 in ACN at various scan rates, 
cycle numbers and monomer concentration. ACN was chosen as a standard solvent to prepare 
electrolyte for polymerization and also copolymerization  during this study. 
Electropolymerization of Poly(Py-co-Si) was  achieved by potentiodynamically  in 0.1M 
Bu4NBF4 / ACN electrolyte solution containing  the mixture of 2.46 mM Py and 2.46 mM Si 
for PySi copolymerization in  between -0.2V and +1.2V at a scan rate of 20mV/s . The current 
increases with as the  number cycles increases , indicates insoluble polymer film was coated 
on Pt bottom electrode. Multisweep cyclic voltammogram of 2.46 mM Py and 2.46 mM Si  in 
0,1 M Bu4NBF4/ACN on Pt bottom electrode show an increasing current density with each 
cycle, resulting in the formation of thin film of conducting polymer on Pt bottom electrode at 
20 mV/s scan rate.  
Pt bottom electrodes were washed thoroughly with ACN after electropolymerization and the 
scan rate dependence of copolymer film was investigated. The cyclic voltammogram of a 
polymer coated on the Pt bottom electrode in monomer free solution with different scan rates 
(0,1 M Bu4NBF4/ACN) shows different peaks. 
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Figure 4.10: Potentiodynamically synthesized Poly(Py-co-Si) for 2, 4, and 8 number of cycles.  [Monomers:  
2.46mM Py and 2.46 mM Si Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working 
Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)]  
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Figure 4.11:  Monomer free peaks of Poly(Py-co-Si) for 2 cycles.  [Monomers:  2.46mM Py and 2.46 mM Si 
Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), 
Counter Electrode: Pt(wire); scan rates: 100 mV/s, 200 mV/s, 300 mV/s, 400 mV/s] 
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Figure 4.12: Monomer free peaks of Poly(Py-co-Si) for 4 cycles [Monomers:  2.46mM Py and 2.46 mM Si 
Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), 
Counter Electrode: Pt(wire); scan rates: 200 mV/s, 50 mV/s, 100 mV/s, 200 mV/s] 
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 4.3.1 Spectroelectrochemistry of  PPy and Poly(Py-co-Si) 
Spectroelectrochemistry of PPy film was studied on the potentiodynamically deposited ITO-
coated glass slides, as shown in Figure 4.13. 
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Figure 4.13: In-situ spectroelectrochemistry in 0,1 M Bu4NBF4/ACN for Polypyrrole potentiostatically 
deposited at 1.0V on a ITO coated glass slide, (1) -1,0 , (2) +1,0 V 
 
Spectroelectrochemistry of polypyrrole indicated that black color in the reduced form 
observed at -1.0V and also black at +1.0V. At an applied potential of -1.0V, the polymer is in 
its fully neutral form, band gap of the polymer (Eg) was calculated from onset for the π to π * 
transition as 2.48 eV 
Spectroelectrochemistry of Poly(Py-co-Si) films were studied on the potentiodynamically 
deposited  ITO-coated glass slides, as shown in Figure 4.14 and Figure 4.15. 
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Figure 4.14: In-situ spectroelectrochemistry in 0,1 M Bu4NBF4/ACN for Poly(Py-co-Si)  
potentiodynamically deposited at 1.0V on a ITO coated glass slide for 30s, (1)-1,0 V (2) +1,0 V 
Spectroelectrochemistry of Poly(Py-co-Si) indicated that black color in the reduced form 
observed at -1.0V and also black at +1.0V. At an applied potential of -1.0V, the polymer is in 
its fully neutral form, band gap of the polymer (Eg) was calculated from onset for the π to π * 
transition as 2.69 eV. 
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Figure 4.15: In-situ spectroelectrochemistry in 0,1 M Bu4NBF4/ACN for Poly(Py-co-Si)  
potentiodynamically deposited at 1.0V on a ITO coated glass slide for 60s, (1)-1,0 V (2) +1,0 V 
 
Spectroelectrochemistry of poly(Py-co-Si) indicated that black color in the reduced form 
observed at -1.0V and also black at +1.0V. At an applied potential of -1.0V, the polymer is in 
its fully neutral form, band gap of the polymer (Eg) was calculated from onset for the π to π * 
transition as 2.45 eV. 
4.3.2 ATR-FTIR Characterization of electrochemically synthesized PPy 
The FTIR-ATR spectra of PPy synthesized electrochemically showed the corresponding 
spectra between 4000 and 650 cm-1. Peaks at 1520cm -1 due to stretching vibration of Py ring,  
peaks at 1010cm-1 due to BF4  anion which were seen in this spectra( Figure 4.16) 
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Figure 4.16: Ex-situ FTIR-ATR spectra of Polypyrrole film  which was electrochemically synthesized  at 2.7 
V. 
 
4.3.3 ATR-FTIR Characterization of Poly(Py-co-Si) electrochemically synthesized  
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Figure 4.17: Ex-situ FTIR-ATR spectra of Poly(Py-co-Si) film  which was electrochemically synthesized  at 
2.7 V. 
FTIR-ATR of Poly(Py-co-Si) synthesized electrochemically showed the corresponding 
spectra between 4000 and 650 cm-1. The copolymer showed a new peak at 1250 cm-1 due to 
the Si peaks at 1010cm-1 due to ClO4 - .which were seen in figure 4.17. 
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 4.3.4 ATR-FTIR Characterization of Poly(Py-co-Si) synthesized by electroinduced 
method 
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Figure 4.18: Ex-situ FTIR-ATR spectra of Poly(Py-co-Si) film  which was  synthesized  by electroinduced 
method. 
FTIR-ATR of Poly(Py-co-Si) synthesized by electroinduced method showed the 
corresponding spectra between 4000 and 650 cm-1. The copolymer showed a new peak at 
1250 cm-1 due to the Si which were seen in figure 4.18.  
 
4.3.5 Comparison of FT-IR spectrums of Poly(Py-co-Si) synthesized by electrochemical 
and electroinduced methods 
 
FTIR-ATR of Poly(Py-co-Si) synthesized by electroinduced and electrochemical methods 
showed the corresponding spectra between 4000 and 650 cm-1. As can be seen from the figure 
4.19, in the case of Poly(Py-co-Si) synthesized by electroinduced method,  incorporated Si 
tegomer to the PPy chain was higher than  in the case of electrochemically synthesized one. 
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Figure 4.19: Ex-situ FTIR-ATR spectra of Poly(Py-co-Si) film  which were  synthesized  by electroinduced 
and electrochemical methods.( PySi_electroinduced,  PySi_electrochemical) 
 
4.3.6 Comparison of FT-IR spectrums of polypyrrole and Poly(Py-co-Si) synthesized 
by electrochemical and electroinduced methods  
In the figure below, it can obviously be seen that there were differences in between the peaks 
in both electroinduced and electrochemically snynthesized Poly(Py-co-Si) and PPy . The new  
peak at  1257cm-1 at both copolymers’ spectrums might be due to the Si tegomer interaction 
to the PPy chain. 
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Figure 4.20: Ex-situ FTIR-ATR spectra of PPy synthesized electrochemically and  Poly(Py-co-Si) films  
which were  synthesized  by electrochemical and electroinduced methods. PPy_electrochemical,   
PySi_electrochemical, PySi_electroinduced ) 
 
4.4 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical Impedance Spectroscopy (EIS) measurements were performed at open circuit 
potential in the range of 10 kHz-10 mHz (application of amplitude of 10mV) for PPy, 
Poly(Py-co-Si) electrochemically obtained at different charges (number of cycles); and also 
PPy and Poly(Py-co-Si) potentiostatically  obtained at different time intervals, with the scan 
rate of 20mV/s. 
Figure 4.21 shows the Bode magnitude of PPy and  Figure 4.22 shows the Bode magnitude of 
Poly(Py-co-Si) film prepared under the different charges by application of different scan 
numbers during the potentiodynamic method and also under the different time intervals 
during the potentiostatic method.  
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                     (b) 
Figure 4.21:   Bode magnitude of  PPy  (a) by variation of cycle numbers (2,4, and 8 cycles) 
(potentiodynamically ), and (b) by potentiostaticly (60s, 120s, and 360s). Bode  Magnitude plot [Monomer:  
4.92mM Py Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire) Working Electrode: Pt bottom 
electrode, Counter Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of amplitude of 10mV ) 
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                                                              (b)  
Figure 4.22:  Bode magnitude of Poly(Py-co-Si) (a) by variation of cycle numbers(2,4, and 8 cycles) 
(potentiodynamically), and (b) potentiostaticly (60s, 120s, and 360s)  Bode magnitude  plot  [Monomers:  2.46 
mM Py and 2.46 mM Si; Electrolyte: 0.1 M Bu4NBF4/ACN ,Reference Electrode: Ag (wire) Working Electrode: 
Pt bottom electrode, Counter Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of amplitude of 10mV ) 
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         (b) 
Figure 4.23: Phase angles of  PPy  (a) by variation of cycle numbers (2,4, and 8 cycles) 
(potentiodynamically) and (b) potentiostaticly (60s, 120s, and 360s)  Bode Phase angle plot [Monomer:  4.92mM 
Py Electrolyte: 0.1 M Bu4NBF4/ACN ,Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, 
Counter Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of amplitude of 10mV ) 
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  (b) 
Figure 4.24:  Phase angles of Poly(Py-co-Si) by (a)variation of cycle numbers(2,4, and 8 cycles) 
(potentiodynamically), and (b) potentiostaticly (60s, 120s, and 360s)  Bode phase angle  plot  [Monomers:  2.46 
mM Py and 2.46 mM Si; Electrolyte: 0.1 M Bu4NBF4/ACN ,Reference Electrode: Ag (wire) Working Electrode: 
Pt bottom electrode, Counter Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of amplitude of 10mV ) 
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  (b) 
Figure 4.25:   Nyquist plots of PPy  by (a)variation of cycle numbers (2,4, and 8 cycles) 
(potentiodynamically)and (b) potentiostaticly (60s, 120s, and 360s)  Nyquist plot [Monomer:  4.92mM Py  
Electrolyte: 0.1 M Bu4NBF4/ACN ,Reference Electrode: Ag (wire) Working Electrode: Pt bottom electrode, 
Counter Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of amplitude of 10mV ) 
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           (b) 
Figure 4.26:  Nyquist plots of Poly(Py-co-Si) by (a)variation of cycle numbers(2,4, and 8 cycles) 
(potentiodynamically) and  (b) potentiostaticly (60s,120s, and 360s) (polymerization charge) Nyquist  plot  
[Monomers:  2.46 mM Py and 2.46 mM Si; Electrolyte: 0.1 M Bu4NBF4/ACN ,Reference Electrode: Ag (wire) 
Working Electrode: Pt bottom electrode, Counter Electrode: Pt(wire)] Range 10 kHz-10 mHz (application of 
amplitude of 10mV ) 
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When we increased the cycle numbers and also time intervals we obtained a decrease in Rp 
values. In other words, we can say that an increase in conjugation increases the conductivity.   
 
As cycle number increases Cdl decreases ( This shows that electrochemical active surface 
increases) 
 
As cycle number increases the phase angles remains almost the same 
 
All the above results are valid for both  cyclic voltammetry and chronoamperometry 
 
 
 
4.5 . DSC Results 
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Figure 4.27:  The DSC scan of  PPy shows no glass transition temperature, a characteristics of conducting 
polymer. 
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  Figure 4.28:   The DSC scan of  Poly(Py-co-Si) obtained by electroinduced method shows no glass 
transition temperature 
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Figure 4.29:  The DSC scan of  Poly(Py-co-Si) obtained by electrochemical method shows a Tm value that 
might be due to the interaction between the nitrogens of Si molecules. 
All the three DSC analyzes results are differ from each other.  
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4.6 Morphology of Coatings 
.                         
 Figure 4.30: SEM micrograph of electrochemically synthesized PPy.  
 
 
     Figure 4.31 :  SEM micrograph of  Poly(Py-co-Si) synthesized by electrochemical method 
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       Figure 4.32 :  SEM micrograph of  Poly(Py-co-Si) synthesized by electroinduced method 
 
As can  be  seen from the SEM micrographs that PPy has a very rough surface, while the 
others have less rough surfaces’ view.  It can also be distinguished that the copolymer which 
synthesized by electroinduced method (Figure 4.32) has more smooth surface than the 
copolymer synthesized by electrochemical method(Figure 4.31). We can say that, there is 
more amount of Si incompared to the PPy chain obtained by electroinduced  method  than  the 
amount of Si copolymerized with Py in electrochemical method.  Remarkable difference in 
between the views of the two copolymers’ surfaces supports this idea. 
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5 CONCLUSION 
Copolymers of Py and Si tegomer have been produced by the electrochemical polymerization 
of Py with Si in acetonitrile and by the electroinduced method in the presence of catalytic 
amount of Ce(IV). The properties of resulting products compared with each other and also 
with PPy homopolymer.  
Since Py is highly electroactive monomer, this is the first report about PPy copolymer 
obtained by electroregenerated method. The precipitated copolymer was obtained in the anode 
compartment, not on the electrode surface. Beside, simultaneous oxidation of Ce(III) to 
Ce(IV) at the anode surface eases the electron transfer between the electrode and the species 
in solution thus allowing for the continuation of the process.  
Although chemically synthesized Poly(Py-co-Si) had  the conductivity of 4000 S/cm,  
Poly(Py-co-Si) copolymer synthesized by electroiduced method had conductivity of  2,48x10 -
5 S/cm. Poly(Py-co-Si)  copolymer synthesized by electrochemical method had also low 
conductivity with 0,1375 S/cm. On thed other hand, electrochemically synthesized 
homopolymer had the conductivity of 0,529 S/cm. 
Peaks due to Si groups can be clearly seen from IR spectra support that Si incorporated to the 
PPy chain.  
The band gap obtained for copolymer was found slightly lower than homopolymer. 
The Phase angle of copolymer was also slightly lower than homopolymer. 
The Rp values of copolymer were found higher than homopolymer as expected. 
The formed smooth Poly (Py-co-Si) copolymer films also supported the copolymerization . 
The SEM picture of PPy showed globules with void spaces in between but in the case of 
electerochemically synthesized copolymer this globules were smaller and in the case of 
synthesized copolymer by electroinduced method these spaces were filled and had more 
smooth surface.   
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While the contact angles of PPy and Poly(Py-co-Si) synthesized by electrochemical method 
could not be measured, the contact angle of the copolymer synthesized by electroinduced 
method   was found as 110 0 . This might be due to the presence of Si in the PPy structure.  
The DSC scan of PPy and Poly(Py-co-Si) synthesized by electroinduced method showed no 
transition temperature (Tg or Tm ) and this is a characteristic property of conducting polymer. 
Poly(Py-co-Si) synthesized by electrochemical method had Tm value. This might be due to 
the interaction of amine-ended groups of silicon. 
These results together with infrared spectra, contact angle measurements, conductivity, DSC 
results and morphological analysis supported the idea of copolymerization. 
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Appendix 1.1.a:  Dopping degree vs PPy synthesized by potentiodynamic method [Monomer:  4.92mM Py 
Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), 
Counter Electrode: Pt(wire)] 
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Appendix 1.1.b:  Dopping degree vs PPy synthesized by potentiostatic method [Monomer:  4.92mM Py, 
Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working Electrode: Pt (bottom electrode), 
Counter Electrode: Pt(wire)] 
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Appendix 1.1.c:  Dopping degree vs Poly(Py-co-Si) synthesized by potentiodynamic method [Monomer:  
2.46mM Py and 2.46 mM Si; Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working 
Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
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Appendix 1.1.d:  Dopping degree vs Poly(Py-co-Si) synthesized by potentiostatic method [Monomer:  
2.46mM Py and 2.46 mM Si; Electrolyte: 0.1 M Bu4NBF4/ACN , Reference Electrode: Ag (wire), Working 
Electrode: Pt (bottom electrode), Counter Electrode: Pt(wire)] 
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Dopping Degree of PPy 
 
Table A.2.1: Table of Dopping degree of PPy synthesized potentiodynamically and also potentiosatically 
 
 
Dopping Degree of Poly(Py-co-Si) 
 
 
 
 
Table A.2.2: Table of Dopping degree of Poly(Py-co-Si) synthesized potentiodynamically and also 
potentiosatically 
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 Table A.3.1:  Table of Impedances of PPy and Poly(Py-co-Si) synthesized by    potentiodynamic method (for 
2, 4, and 8 cycles) 
 
 
 
Table A.3.2:  Table of Impedances of PPy and Poly(Py-co-Si) synthesized by potentiostatic method 
(60s,120s, and 360s) 
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Initiation: 
 
 
 
 
 
 
Propagation: 
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Termination: 
 
 
 
Appendix 3.1: Reaction mechanism of  Poly(Py-co-Si) synthesized by electroinduced method 
 
 
Initiation: 
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Propagation: 
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Termination: 
 
 
 
 
Appendix 3.2: Reaction mechanism of Poly(Py-co-Si)  synthesized by electrochemical  method 
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